ABSTRACT In licensed-assisted access using the LTE (LAA) standard, carrier sensing via the listenbefore-talk (LBT) procedure is a vital feature for fair sharing with the Wi-Fi systems. Furthermore, it has been designed to support frequency reuse-1 operation among all cells by the virtue of licensed spectrum. As opposed to the two existing channel-access schemes for frequency reuse-1, transmission start time alignment (TSTA) and energy detection threshold adaptation (EDTA), which may not be able to maximize the LAA system throughput without violating the requirement of fair coexistence, we propose a new frequency-reuse-1 scheme, referred to as the alignment reference interval adaptation-based LAA (ARIA-LAA). It attempts to combine the advantages of TSTA and EDTA into a unified access framework, in which the alignment reference interval (ARI) is adaptively adjusted to control the channel-access probability for LAA and Wi-Fi systems. Meanwhile, to operate the ARIA-LAA effectively toward our design objective, we design the fuzzy Q-learning system that adapts the continuous variable ARI to the dynamically changing wireless network environment. Based on the analytical system models and formation of the optimization problem, it employs a model-free learning algorithm that interacts with the state, defined as the current level of fairness achieved by adaptation, and the Q-learning function to determine the ARI as a global action. Our simulation results demonstrate that the ARIA-LAA is a novel scheme of spectrum sharing with spatial reuse for LAA that enhances the overall system capacity while satisfying the fair-coexistence requirement in the unlicensed spectrum.
should perform at least as good as the Wi-Fi node in Network A under Scenario 1.
Herein, our design objective of the LAA system is to maximize the overall system throughput, i.e., a total sum capacity in Scenario 2, subject to the fair-coexistence constraint. The earlier extensive simulation results in the 3GPP demonstrated that the Load-Based-Equipment Listen-Before-Talk (LBE-LBT) in the ETSI standard is a common practice to meet the fair-coexistence requirement in most scenarios, although it is not achieved in some specific cases [2] [3] [4] . In fact, the LBE-LBT protocol has been adopted and modified for LAA in the 3GPP Rel.13 standard [2] , [5] . Various researches studies on channel access scheme in LAA system. For example, [6] presents a mathematical analysis on the MAC throughput under the coexistence of LAA and Wi-Fi systems for downlink, by employing the Markov model in [7] . Based on the similar analysis on the MAC throughput, [8] develop adaptive back-off size control algorithm to minimize the collision rate of Wi-Fi users in the MAC layer.
Meanwhile, frequency reuse among the neighbor cells is a useful means of increasing the system throughput in a frequency-planned network, e.g., LTE system which is designed to be highly interference-resistant with key techniques, e.g., hybrid ARQ (HARQ), adaptive modulation and coding (AMC), and coordinated multi-point transmission and reception (CoMP). Since LTE can better live with co-channel interference by its own robust design, the overall system throughput can be further improved via the full frequency reuse among all cells (or referred to as frequency reuse-1) that will result in significantly increased efficiency of time and frequency resources. Therefore, it has been specified to enable the frequency reuse for LAA eNBs in the 3GPP Rel. 13 standard [1] . The existing channel access schemes for frequency reuse-1 can be classified into two schemes: transmission start time alignment (TSTA) and energy detection threshold adaptation (EDTA) [5] , [9] , [10] . Unlike the LBE-LBT, both TSTA and EDTA schemes can achieve the frequency reuse-1 among LAA eNBs. However, it is noteworthy that none of these schemes cannot serve as an effective means of realizing our aforementioned design objective, i.e., to maximize the overall system throughput subject to the fair-coexistence constraint under the frequency reuse-1 operation.
In this paper, we propose a new means of the frequency reuse-1 scheme, referred to as Alignment Reference Interval Adaptation-based Licensed-Assisted Access (ARIA-LAA), that can meet our design objective. It combines the individual advantage of the two existing schemes into a unified access framework herein. This approach employs a single design parameter, referred to as alignment reference interval (ARI). It is a parameter that can control the channel access probability (CAP) for LAA system, acting similarly as the back-off window size in the LBE-LBT protocol (here, CAP referred to in this paper corresponds to the probability that system or node occupies the channel in a randomly selected clear channel assessment (CCA) slot [7] ). In fact, as long as an appropriate algorithm to control the ARI is provided, our LAA design objective can be met for the proposed channel access framework.
Meanwhile, we note that most of previous works on LAA channel access schemes, e.g., [8] , [9] , and [11] , do not take the aforementioned fair-coexistence criterion into account. In fact, none of these approaches is dealing with the optimization framework that is inherited from the fair-coexistence criterion on the basis of baseline throughput (i.e., Wi-Fi node throughput in Network A under Scenario 1). In other words, Wi-Fi node throughput must be reflected into our design for warranting the fair coexistence, by direct or indirect measurement. For example, it can be measured indirectly by observing the wireless channel activity without resorting to any explicit measurement specification. Based on the indirect measurement, we formulate a Markov decision process (MDP)-based control problem to achieve the design objective. To reflect the nature of the dynamic wireless network environment, our MDP problem assumes the unknown state transition probabilities. In this model-free MDP problem, we consider the fuzzy Q-learning algorithm for ARIA-LAA that can handle continuous variable ARI in adaptation to the dynamically changing wireless network environment. Based on the analytical system models and formation of the optimization problem for our design objective, the learning algorithm interacts with the state, defined as the current level of fairness achieved by adaptation, and the Q-learning function to determine the ARI as a global action. Our simulation result shows that the proposed control framework performs well to meet the LAA design objective.
The rest of this paper is organized as follows. Section II introduces the system model. In Section III, we propose an operational concept of ARIA-LAA and then, formulate the underlying optimization problem with analytical throughput model. Section IV presents an implementation framework for ARIA-LAA with the fuzzy Q-learning algorithm. Section V presents the performance evaluation results to demonstrate that ARIA-LAA with fuzzy Q-Learning achieves our design objective. Finally, conclusions are drawn in Section VI.
II. SYSTEM MODEL
The Wi-Fi system follows the CSMA/CA protocol as specified in the IEEE 802.11ac WLAN specification. One of the 20MHz channels in the 5 GHz ISM band will be shared between the Wi-Fi and LAA systems. In the current work, we consider only the downlink system of the LAA. However, our model can still be extended to an uplink system in a straightforward manner for both frequency division and time division duplexing. In the following subsection, we first summarize the modified LBT procedure in the 3GPP Rel. 13 LAA [5] . Then, we describe the conventional frequency reuse-1 schemes adopted in the 3GPP Rel. 13 LAA [5] . Finally, we discuss its limitations, especially by considering the underlying fair-coexistence criterion and the overall system capacity. VOLUME 6, 2018
A. LISTEN-BEFORE-TALK (LBT) PROCEDURE FOR LAA
The LBT scheme in the ETSI standard can be classified into two schemes: Load-Based-Equipment (LBE) and Frame-Based-Equipment (FBE) [2] . For FBE, the next carrier sensing (CS) opportunity occurs with the designated periodicity. For the LBE, however, the transmitter can immediately occupy the channel as long as the medium (channel) is considered idle during CS. Therefore, the LBE has advantages over the FBE in channel access opportunities especially at high load [12] . In the 3GPP Rel. 13 standard, the LAA system is mandated to implement an LBE protocol as a contentionbased protocol.
Meanwhile, Wi-Fi systems use a completely different medium access control (MAC) protocol, which is based on the distributed coordination function (DCF). The DCF is a contention-based mechanism that adopts the CSMA/CA protocol. When sharing the same channel with different means of controlling a back-off size, e.g., one by a generic LBT protocol and the other by the CSMA/CA protocol, fairness for channel occupation cannot be warranted for the fair coexistence between the LAA and Wi-Fi systems. To ensure a fair coexistence with Wi-Fi, the LAA standard group has modified the LBE-LBT, such that a Defer period (playing the same role as the DIFS in the Wi-Fi DCF) and an exponential back-off mechanism are configured similarly as in the DCF protocol of the IEEE 802.11 specification. Fig. 1 illustrates the downlink channel access procedure for the LAA eNB, which is designed in 3GPP specification [5] . As shown here, data transmission is aligned with a subframe boundary once the channel is captured. For a given priority class p, the maximum channel occupancy time (mCOT), denoted as T m cot,p , and the maximum/minimum contention window size are configured accordingly. Before the eNB generates a back-off count, it performs the Defer operation over consecutive CCA slots. The CCA slot is considered idle if the power detected by the eNB within the CCA slot duration is below the ED threshold X th . Otherwise, it is considered busy and then, the eNB persists to sense the channel until it becomes idle for the duration of Defer, which is essential for fair coexistence, e.g., providing for transmission opportunity for Wi-Fi ACK frames. If the eNB still finds the channel idle after the duration of Defer, it generates a back-off count, which is a random number chosen over the back-off window. The back-off count is decremented as long as the channel is sensed idle, ''frozen'' when the channel is sensed busy, and reactivated when the channel is sensed idle for the duration of Defer When the back-off count reaches zero, the eNB can occupy the channel as long as up to mCOT. It is noteworthy that an exponential back-off mechanism is employed for adjusting the contention window size, e.g., based on the HARQ ACK/NACK ratio as in [5] .
Meanwhile, to achieve frequency reuse-1 using the FBE-LBT feature, the 3GPP has included a self-deferral operation in the course of the standard channel access operation. The self-deferral operation refers to delaying channel access without occupying the channel immediately after the back-off count of the LAA eNB reaches zero. In fact, the LAA eNB can determine whether to perform self-deferral on its own. Details of how and when self-deferral is performed are described in Section B [13] . In case that the LAA eNB decides to perform self-deferral, its channel access is on hold for a certain time period even after the back-off count reaches zero. Since an additional duration of Defer exists immediately the channel occupation, self-deferral is applied only until then. For example, in Fig. 1 , eNB 1 occupies the channel immediately after the back-off count becomes zero, illustrating a case without employing a self-deferral operation. On the other hand, eNB 2 in Fig. 1 is an example in which self-deferral is applied. Immediately after self-deferral is completed in this example, Defer follows to check whether the channel is busy or idle. Once the channel is sensed idle for the duration of Defer, it occupies the channel.
Once a channel is captured by the LAA eNB, a dummy signal, referred to as an initial signal (IS) can be transmitted until the end of the current subframe n (denoted as subframe[n]), to ensure that transmission is aligned by subframe boundary.
B. FREQUENCY REUSE-1 FOR LAA
A conventional LBT procedure applied to the different LAA eNBs within the same operator may not allow some of them to transmit on the same channel simultaneously, unless they are spatially far apart. For example, once a channel is captured by one eNB, possibly held on with the IS, other eNBs within its range will not have channel access opportunities. Therefore, a specific design target of the LBT procedure has been established to enable frequency reuse-1 for transmission among neighbor LAA eNBs of the same operator [1] . The existing frequency reuse-1 schemes can be broadly classified into two types: TSTA and EDTA. In this subsection, they are described as a means of enabling the frequency reuse-1 while investigating potential issues with its own pros and cons from the capacity and fair-coexistence perspectives.
To enable the frequency reuse-1 among the multiple eNBs in the neighborhood, self-deferral is useful for other potential eNBs to join for the frequency reuse-1 operation, even after its random back-off count reaches zero. TSTA is one of the methods to implement frequency reuse-1 by employing a self-deferral operation. It is a frequency reuse-1 scheme that aligns the start of transmission among the LAA eNBs, as illustrated in Fig. 2 [10] , [13] . It inherits a feature of the FBE-LBT. Note that the TSTA must stil follow the same channel access procedure as specified in the standard. However, it is required to determine when to start the transmission (Tx) after the back-off count reaches zero. Herein, we define a reuse group as a set of eNBs, which share the same Tx start time to realize the frequency reuse-1 operation among the LAA eNBs in the same reuse group. The instances of possible Tx start time is governed by Tx start timing alignment interval (TSTAI). All eNBs within the same reuse group must employ the same TSTAI.
The CAP of the LAA system can be controlled by adjusting the TSTAI, as an intuitive means of resource sharing between the Wi-Fi and LAA systems over time. For example, if the TSTAI is set sufficiently long, more channel access opportunities will be given to the Wi-Fi system, simply because the LAA system must wait until the subsequent Tx start time. Therefore, the LAA system throughput may be reduced owing to the lower CAP of the LAA system compared to that of the conventional LBT (e.g., eNB 3 in Fig. 2 ). Meanwhile, in order to align the Tx start time of the LAA eNBs in the same reuse group, it is necessary to wait until the back-off counts of the corresponding LAA eNBs become zero. In other words, the TSTAI can also control the frequency reuse gain of the LAA system. For example, when the TSTAI is set too short, the number of eNBs that may join the simultaneous transmission would be limited due to CCA blocking among LAA eNBs (i.e., channel is sensed busy), failing to achieve a sufficient frequency reuse-1 gain.
As opposed to the TSTA, it is still possible to allow for joining the simultaneous transmission by boosting the ED threshold X th (i.e., permitting a certain level of interference). This scheme is referred to as the EDTA, in which the ED threshold adaptation is employed for an aggressive spectrum occupation [5], [9] . The 3GPP has standardized the following rules for the EDTA operation to ensure regulation in the unlicensed bands and fairness among the Wi-Fi systems [5]:
− If the absence of any other technology sharing the carrier can be guaranteed on a long-term basis (e.g., by a level of regulation), then X th can be increased to the maximum ED threshold value.
− The maximum ED threshold value is determined by the standard regulation.
− For example, when using a 20MHz bandwidth, X th is limited to −52dBm (for detailed calculation, see [5]). Unlike TSTA, EDTA does not require synchronization between LAA eNBs, implying that reuse grouping is not required. However, in situations where the LAA traffic load is very high, the EDTA might hurt the fair coexistence with Wi-Fi, as the LAA eNBs tend to constantly reuse the channels. Further, unlike the TSTAI, X th can be considered as a parameter that deals with the interference level, rather than a means of controlling the resource share in a time domain [14] . Therefore, it is not straightforward to develop any means of controlling the CAP that can maintain the fair-coexistence constraint directly.
III. ALIGNMENT REFERENCE INTERVAL ADAPTATION (ARIA)
The TSTA and EDTA schemes have their own pros and cons. Even when there exist numerous Wi-Fi stations that are most likely to be deployed without any planning in the unlicensed band, the frequency reuse-1 scheme for LAA must be properly implemented to meet our design objectives. Toward this end, we introduce an adaptation scheme that adjusts ARI on the varying channel conditions, to increase the system throughput subject to the fair-coexistence constraint. In the following section, for ARIA-LAA, we formulate optimization problem and develop the analytical throughput model.
A. BASIC PROCEDURE
Given a reuse group specified for the LAA eNBs as in TSTA, all LAA eNBs in the reuse group have the same priority class. We introduce an ARI, denoted as I 0 , that determines the possible range of Tx start for the LAA eNBs, as shown in Fig. 3 . The maximum value of I 0 is limited by the subframe length, which is denoted by L sub (µs), i.e., I 0 ≤ L sub (e.g., L sub = 10 6 µs for LTE). In our design trick, we allow for the LAA eNBs to start its transmission at any time over the ARI, without being hindered from the active eNBs. More specifically, if the LBT procedure is completed before the ARI, the self-deferral operation is performed as in the TSTA, from the instance the back-off count reaches 0 until the start of VOLUME 6, 2018 Defer (e.g., eNBs 1 and 2 in Fig. 3 ). Furthermore, by detecting a possible presence of the initial signal (IS) from other LAA eNB over the ARI, an EDTA feature is employed to allow an eNB to join the channel, even when the channel is sensed busy owing to the IS from the active eNBs (e.g., eNBs 3 and 4 in Fig. 3 ). However, the IS must be differentiated from the Wi-Fi interference in LAA system. One possible trick toward this end is to vacate a subset of the LAA subcarriers during the IS transmission, over which Wi-Fi signal can be overheard. If the signal level is measured below X th for the vacated subcarriers while hearing a signal measured above X th for the other subcarriers, it can be inferred that the IS has been transmitted by LAA eNB.
The proposed scheme can adjust the CAP of the LAA system with the ARI to enable the frequency reuse-1. If the ARI is reduced, the self-deferral duration of the LAA eNB increases, creating more opportunities for the Wi-Fi nodes to access the channel. Therefore, the CAP for the Wi-Fi system can be improved by reducing the ARI. However, if the ARI is increased, the CAP for the LAA system can be increased without going through the self-deferral process. Meanwhile, as opposed to the TSTA, even when the ARI is increased, the EDTA feature still helps to enable the frequency reuse-1 in the proposed scheme.
As mentioned above, by adjusting the ARI, the CAPs of the LAA and Wi-Fi system can be adjusted, directly governing the Wi-Fi and LAA system throughput [6] [7] [8] . In the sequel, we define a model-free MDP based on the LAA design objective. To derive the control algorithm for the ARIA-LAA, we first develop the analytical throughput model to show the relationship between CAP and system throughput.
B. PROBLEM FORMULATION AND ANALYTICAL MODEL
Let I n denote an ARI value for the LAA eNB, determined at arbitrary discrete time n. Subsequently, I n is employed until it is updated at time (n + 1). Let us consider a vector of ARI over the consecutive update times, which is denoted as
n (I n ) and S (2) n (I n ) denote the average LAA and Wi-Fi system throughput at discrete time n, respectively. Herein, the system refers to a set of all nodes (AP or eNB) in the network under the specific scenario. Then, their time averages, denoted asS (k) (I 0 ), are given as
Furthermore, let R (2) n (I n ) denote the average throughput of each Wi-Fi AP under Scenario 2. Then, its time average, denoted asR (2) 
Our LAA design problem under Scenario 2 is to maximize the overall system throughput subject to the fair-existence constraint, which can be stated as the following optimization problem:
where R w denotes the average throughput for each AP under Scenario 1. Here R w is not a function of ARI, as LAA operation is not involved in Scenario 1. To solve (3), the closed-form expressions for the average system throughput must be given in terms of I o , as analyzed in [6] [7] [8] . To facilitate the mathematical analysis for ARIA, we employ a full-buffer model while assuming no hidden nodes. Furthermore, we assume that the identical class p is applied to all LAA eNBs, employing the identical values of T m cot,p .
Meanwhile, by comparing the average throughput of Wi-Fi APs in two different scenarios, we can determine whether the fair-coexistence requirement is met. In fact, if their average throughput is the same in both Scenarios 1 and 2, we would conclude that fair coexistence has been achieved by our design. In the course of our analysis, we do not consider the transmission failure due to channel fading, simply because only the MAC-level performance is sufficient for the relative comparison between two different scenarios, while maintaining the same physical environments for Network A in both scenarios. Therefore, we consider the normalized MAC throughput of the Wi-Fi system as in [6] [7] [8] . Assuming that the Wi-Fi AP occupies the channel for the duration of regardless of the failure or success of the packet transmission, then is presented as follows:
where δ idle is the CCA slot size, P w c is the MAC collision probability of the Wi-Fi AP under Scenario 1, P w tr is the CAP of the Wi-Fi system under Scenario 1, and τ w is the CAP of the Wi-Fi AP under Scenario 1. If there are m w Wi-Fi AP's under Scenario 1, τ w and P w c can then be expressed as follows [7] :
c (I o ) be the time averages of the CAP and MAC collision probability of the Wi-Fi AP under Scenario 2, respectively. When the LAA system employs ARIA in Scenario 2, the CAPs of the Wi-Fi system and AP are controlled by I o . Then,R (2) 
whereT total (I o ) represents the total time, including both busy and idle intervals.T total (I o ) is given by a sum of the time that the channel is sensed busy by the Wi-Fi and LAA systems and the time that the system waits until the channel becomes idle again, i.e.,
whereP (1) tr (I o ) is the time average of the CAP for the LAA system under Scenario 2,P (2) tr (I o ) is the time average of the CAP for the Wi-Fi system under Scenario 2 andT (1) (I o ) is the time average of the channel occupancy time for the LAA system [6] . Note that mCOT of the LAA system is limited to T m cot,p . Depending on the ARI length, the average channel occupancy time may vary.
Let m (2) denote the number of Wi-Fi APs under Scenario 2. Then,τ (2) (I o ) andP (2) c (I o ) can be expressed as follows [6] :
Based on equations (4) to (10), the relationship between the Wi-Fi AP throughput and the ARI can be observed. For example, if ARI is sufficiently small,P (1) tr (I o ) is reduced such that m (2) Wi-Fi APs use most of the channel resources under Scenario 2. In other words, the Wi-Fi AP in Scenario 2 uses more channel resources than in Scenario 1, thus enabling the fair-coexistence criteria to be met. Conversely, if the ARI is set large enough,P (1) tr (I o ) is increased, and either P (2) c (I o ) increases orτ (2) (I o ) decreases according to (10) . Consequently,R (2) (I o ) becomes relatively lower compared to the small ARI case.
Our another design objective is to maximize the system throughput. Recall that LAA system outperforms the Wi-Fi system in general, owing to the more advanced design features specific to the cellular environment, e.g., the closedloop control mechanisms in LTE, such as link adaptation and power control. This implies that the overall system optimization under Scenario 2 will be achieved by maximizing the LAA system throughputS (1) 
In fact, a frequency reuse-1 gain can still be achieved for the LAA system with ARIA, since all the LTE design features are inherited to allow for simultaneous transmissions among the multiple LAA eNBs. Given a vector of ARI, I o , letγ (1) (I o ) be the time average of the spectral efficiency of the LAA system,m (1) s (I o ) the time average for the number of LAA eNBs that simultaneously occupy the channel, and T (1) data the average time that the LAA eNBs transmitted data when occupying the channel. Then,S (1) 
In general, the LAA system throughput is determined by a trade-off relation between the amount of time resourcē m (1) s (I o ) and spectral efficiencyγ (1) (I o ) [15] . According to the simulation results in the 3GPP standard, even if the LAA eNBs use the highest ED threshold value (e.g., X th = −52dBm), at least 60% of the user equipment (UE) nodes can achieve their best bandwidth efficiency, i.e., using 64-QAM modulation [9] , [16] . This implies that the LAA system throughputS (1) 
As shown above, the explicit expressions ofS (1) (I o ) and R (2) (I o ) are known. Since any model-based solution is no longer applicable to this situation, we adopt the Q-learning algorithm to solve them in the model-free situation. In the following section, based on the equations discussed in this section, we develop the fuzzy-Q learning algorithm which controls the ARI so as to achieve our LAA design objective.
IV. FUZZY Q-LEARNING ALGORITHM FOR ARIA
In general, the MDP model consists of the following five elements: 1) decision epochs; 2) states; 3) actions; 4) transition probabilities; and 5) rewards (costs) [17] . If the transition probabilities are known in advance, we can solve the MDP problem through a model-based solution, e.g., value iteration. In many practical scenarios (including the system model of this paper), however, the complexity of the network dynamics (e.g., channel condition, base station deployment, LBT parameter) renders it difficult to determine the network evolution model in advance [18] . The Q-learning algorithm, as the most widely used model-free learning algorithm, enables the decision-making entities to adapt their behaviors based on the reinforcement from their interaction with the environment and (implicitly) build their understanding of the system from scratch through trial-and-error [18] . However, continuous states and actions in the real world are difficult to handle using ordinary Q-learning because it can only handle the learning parameters of discrete states and actions [19] .
To solve these problems, we need to combine the Q-learning method with other generalization methods, e.g., fuzzy inference system (FIS) [20] . This approach, termed as fuzzy Q-learning (FQL), produces an action by some rules triggering on the same state space and cooperating collectively [19] , [21] . In this section, based on the analysis of Section 3-B, we design the FQL algorithm for controlling the ARI, with the goal of increasing the LAA system capacity, while satisfying the fair-coexistence constraint at the same time. Fig. 4 illustrates our overall FQL design for ARIA and the inputs/outputs relationship of our FQL algorithm. Fig. 4 shows the relationship between Learner and Environment in FQL [19] . Learner consists of the Q-learning function and FIS. Any LAA eNB within each reuse group or a VOLUME 6, 2018 central unit in a cloud radio access network (C-RAN) can act as a learner. Environment refers to states of the unlicensed band channel shared by the LAA and Wi-Fi systems. As in Problem (3), at the decision epoch n, the learner executes FQL. Duration between the decision epoch is a constant value λ (e.g., λ = 50 ms). At each time step n, furthermore, the learner measures the current state X n and reward r I n−1 X n−1, X n through observation from the environment. Here, r I n−1 X n−1, X n is the immediate reward received after transitioning from state X n−1 to state X n as a consequence of action I n−1 . Based on the observed reward r I n−1 X n−1, X n , the Q-learning function updates the local q-value that the FIS uses to derive I n which is applied to the ARIA operation over [n, n + 1). In the subsequent time step, the learner receives a numerical reward r I n X n, X n+1 , and finds itself in a new state X n+1 . Finally, the objective of the learner is to maximize the following reward in the long run:
A. MDP ELEMENTS: OVERVIEW AND DESIGN
where γ is the discount rate that determines the relative importance of future reward. As mentioned above, FQL is a system that interacts with the state, action, reward, FIS, and Q-function. Therefore, in order for the ARIA to operate properly in accordance with our design objective, such elements or functions are to be properly designed based on our understanding of the analytical system models and problem formulation. First, we define the states and rewards that the learner should observe for an FQL operation based on the analysis. Based on the state and reward, we then design the FIS and Q-learning function for the ARIA.
Let us assume that Wi-Fi AP throughput in Scenario 1 is given through observation, denoted by R w obs . Meanwhile, the Wi-Fi AP throughput at each time step n, denoted bȳ R (2) obs [n], is observed under Scenario 2. To consider our faircoexistence constraint in the course of the ARIA, we define a state as the current level of fairness achieved by adaptation. More specifically, we design a fairness index to indicate whether the fair-coexistence condition, R w ≤R (2) (I o ), is satisfied as follows:
In fact, X n ≥ 0 indicates that the current system is in a faircoexistence state. Meanwhile, it is practically impossible for the LAA system to directly measure the average throughput per Wi-Fi AP, both R w obs andR (2) obs [n], to compute X n . Instead, we can implicitly observe R w obs andR (2) obs [n] through carrier sensing in the LAA eNBs.
As shown in (4), the average throughput for each Wi-Fi AP under Scenario 1, R w , is given by the product of the probability of a successful transmission without MAC collision and a fraction of time that the channel is occupied by the Wi-Fi system, i.e., τ w 1 − P w c × T w 1 − P w tr δ idle + P w tr T w . The LAA eNB always measures the channel in the CCA slot units to find whether it is busy or idle by the Wi-Fi system. Subsequently, the CAP of the Wi-Fi system, denoted by P w tr , can be derived by counting the number of idle CCA slots until it occupies the channel. Further, a fraction of time that the channel is occupied by the Wi-Fi system, denoted by O w , can be measured similarly. Here, whether the Wi-Fi system has occupied the channel or not is determined by comparing a sum of the Wi-Fi system interference with X th . Then, combining equations (4) 
Similarly,R
obs [n] is also the product of a fraction of time that the channel is occupied by the Wi-Fi system (denoted by O (2) obs [n] ) and the probability that transmission is successful without MAC collision (denoted by P (2) c,obs [n]), which are measured at time step n. Here, to measureR (2) obs [n], both O (2) obs [n] and P (2) c,obs [n] are updated by the exponential moving average (EMA) for every time step n. Let o (2) obs be a fraction of time that the channel is occupied by the Wi-Fi system over [n − 1, n), which corresponds to λ. Then, O (2) obs [n] is updated as follows:
where ω is a moving window size for the EMA. Similarly, let p (2) tr,obs and p (1) tr,obs denote the CAPs of the Wi-Fi and LAA systems over [n − 1, n) under Scenario 2, respectively. Combining equations (9) and (10), the MAC collision probability of the Wi-Fi system over [n − 1, n), denoted by p (2) c,obs , can be expressed as p (2) c,obs
Subsequently, we can update P (2) c,obs [n] as follows:
Finally, using (15) and (17),R
obs [n] can be calculated as
c,obs .
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To design a reward function for FQL, the problem defined in (3) should be properly mapped to (12) . Therefore, we jointly consider the total system throughput and fairness [11] . Consequently, we design r I n X n, X n+1 by separating it into a case that meets the fair-coexistence criteria (i.e., X n ≥ 0 or X n+1 ≥ 0) and a case that does not satisfy the criterion (i.e., X n < 0 and X n+1 < 0). For the case where the fair-coexistence condition is not satisfied over [n − 1, n), a negative constant is given to the reward (e.g., = −10). However, if X n is too low or the duration between decision epochs is too short, the fairness constraint may not be still satisfied (i.e., X n < 0), regardless of the ARI length. This is because most actions are not differentiated with the constant reward in this case. To handle this situation, additional rewards, as much as (X n+1 − X n ) /100, is given to ensure that X n moves in an increasing direction. More specifically, the reward is set to r I n X n, X n+1 = + (X n+1 − X n ) /100 when the fairness is not satisfied. This approach allows for the FQL to select the ARI such that the fair-coexistence constraint is met.
As long as the fair-coexistence condition is maintained, the overall system is improved by increasing the LAA system throughput. Since we assume that the LAA system throughput increases with m (1) s (I o ) according to (11) , the LAA system throughput is proportional to P (1) to the reward, indicating how much the action I n contributes to the LAA system throughput over [n − 1, n). In summary, the reward function used in this work is defined as follows: if X n < 0 and X n+1 < 0,
B. FQL DESIGN FOR ARIA As mentioned above, since ordinary Q-learning can only handle learning parameters of discrete states and actions, we design an FQL algorithm for adapting the ARI toward fair coexistence. As shown in Fig. 4 , the FIS consists of the fuzzifier, inference, and defuzzifier. This FIS derives the ARI I n from the fairness index X n and local q-values as the input values. In this work, we design each FIS element for ARI control based on the Takagi-Sugeno method [22] . The first step of an FIS execution involves with the fuzzifier, which maps the continuous variable X n into the i-th fuzzy set F (i) . Let m F be the number of fuzzy sets. Then, a membership function which takes on values in the interval [0, 1], denoted by u (i) (X n ), quantifies the degree of membership of an input value X n to a specific fuzzy set. In other words, if u (i) (X n ) > 0, X n belongs to fuzzy set F (i) . To properly design the membership function, we should consider the characteristics of the fairness index, X n . Since the guarantee of fair coexistence can be determined upon X n , the ARI should be controlled with X n = 0 as a reference point to ensure fairness. Thus, as shown in Fig. 5 , we define triangular membership functions that are uniformly distributed from x ini to x end , where x ini is less than 0 and x end is greater than 0. Here, the domain of the membership function is determined by u range , and the membership function is uniformly arranged such that the fuzzy set index i increases with X n . However, since the maximum/minimum value of X n is unknown, we define u (1) 
The next steps are performed by the following inference: 1) Among the predefined rules, select the rule corresponding to the current state X n . 2) Based on the policy π , select the local action a n represents the degree that state X n belongs to rule j. Next, we design the components of the inference engine: action, rules, policy, and DoT.
The action to be selected here is the ARI, which ranges from 0 to L sub according to the definition. Therefore, we define an action set A in which m A actions exist at equal intervals as follows:
Since a component of the state is the fairness index only, our rules can be in one-to-one correspondence with the fuzzy sets. Thus, following the syntax of the IF-THEN type, each rule j can be expressed as follows:
then select the local action a (j) n according to policy π. The number of fuzzy sets, m F , is the same as that of the rules, m R . Further, each rule j has local q-values q n (j, k) at time step n for each action k ∈ A, which measures the quality of action k selected for rule j. The local q-value is used to select the local action a (j) n in the policy π . Various methods VOLUME 6, 2018 can be used for DoT calculation. Since we designed the fuzzy set and rule to be one-to-one correspondence, we set the DoT of each rule (i.e., d (j) n ) to the membership function of the fuzzy set j(i.e., u (j) (X n )).
In reinforcement learning, the policy for action selection is generally categorized as exploitation and exploration. Exploitation is a method of selecting a local action k with the largest local q-value q n (j, k) in rule j. Here, the local q-values are updated at every time step n through the Q-learning function. On the other hand, exploration is a method of selecting an action regardless of the local q-values. Considering the dynamic nature of the wireless networks, we use the ε-greedy policy, which is a combination of exploitation and exploration method as follows [21] :
where ε is the exploration probability.
The defuzzifier, as a final step, is a process of deriving the global action ARI based on the local actions and DoT determined in the inference engine. Using a height defuzzifier, the resulting continuous action can be calculated by taking the weighted average of the actions over all possible rules subject to their DoT's as follows [20] :
Based on the received reward r I n X n, X n+1 , the Q-learning function updates the local q-value q n j, a (j) n , which is used to select the local action in the inference engine. It is noteworthy that only the local q-value belonging to the activated rule (i.e., d (j) n > 0) should be updated. First, let Q n (X n , I n ) denote a global q-value at time step n, which measures the quality of action I n selected for states X n . Since q n j, a (j) n also represents the quality of the local action a (j) n associated with rule j, the global Q-value can be expressed as a weighted sum of q n j, a (j) n with the weighting factor of d
One time step later, we can compute the value of the new state X n+1 as follows: (23) Then, based on the observed reward r I n X n, X n+1 , we can calculate the temporal difference (TD) error, defined by
This TD error can be used to evaluate the ARI value I n . If the TD error is positive, it means that the local q-value for the selected local action a (j) n should be increased for future use; otherwise, it suggests that the quality should be decreased [19] . Finally, for each rule j, the local q-value is updated as follows:
where β is the learning rate.
As in the above, the local q-value is updated to maximize (12) based on the previously defined reward, and it is used to derive the global action on the ARI in the FIS.
V. PERFORMANCE EVALUATION
In this section, we focus on the performance evaluation of frequency reuse gain for the proposed and conventional schemes. A system-level simulation methodology is detailed for simulation scenarios, including the system model and parameters. Then, the proposed FQL design is empirically verified by ensuring that channel access probabilities are properly controlled towards a fair coexistence among the systems. Finally, our simulation results are analyzed to demonstrate the effectiveness of the proposed scheme over the existing ones.
A. SIMULATION SCENARIO
To investigate a performance gain of the proposed reuse scheme (ARIA) compared with the conventional LBT in standard and reuse schemes (TSTA and EDTA), we developed a system-level simulator that follows the 3GPP evaluation methodology for the LAA as specified in [1] . This particular methodology corresponds to one that was developed to evaluate the system-level performance for the contributions to 3GPP LAA standardization process and had undergone various calibration procedures to verify its validity. We have implemented our own specialized simulator that follows the methodology by using the C++ language. The simulation results obtained by this simulator can be cross-checked with ones in [4] , [12] , and [13] . The common simulation parameters in this paper are summarized in Table 1 , including the channel model and system configurations.
Note that the 3GPP standardization process deals with a simple scenario of a single indoor building with a linear random arrangement of four Wi-Fi APs and four LAA BSs, i.e., all nodes distributed randomly in a straight line. In this paper, however, we consider square arrangement within a building, which divides the entire area equally into four squares (Fig. 6) . The horizontal and vertical length of the building is twice of the inter-site distance (ISD), and the distance between the centers of each square is given by ISD (meters). In each square, a single Wi-Fi AP/LAA eNB is uniformly distributed over a circle with radius of 3m. We considered the arrangement of sub-regions in a square form because the closeness of an LAA eNB and Wi-Fi AP can reduce the chance of a simultaneous transmission among LAA eNBs in the conventional LBT scheme, enabling us to observe the reuse gain more clearly without considering the typical hidden node problem. Furthermore, it is easy to form a reuse group for the TSTA and proposed schemes with all the LAA eNBs in the building. Meanwhile, users are uniformly distributed in the building and they associate with the LAA eNB/Wi-Fi AP that has the highest received signal strength. Wi-Fi users cannot be associated with the Wi-Fi AP when they do not hear the preamble from the Wi-Fi AP. Subsequently, all users are allowed to associate only with the LAA eNB or Wi-Fi AP whose received signal strength is above the preamble detection (PD) threshold.
The system-dependent parameters for the LAA and Wi-Fi are summarized in Table 2 . Here, we assume that the LAA eNB can perfectly estimate the user SINR without delay because we do not use any other interference management schemes for the LAA system (e.g., CoMP), except for HARQ and AMC, which are essential in the LTE system by default. On the other hand, the IEEE 802.11 standards do not specify any algorithm for automatic rate control [23] . Therefore, to exclude the performance differences associated with the rate adaptation algorithm, MCS for the Wi-Fi system is fixed to warrant successful packet transmission without MAC collision. Since we assume that there are no hidden nodes, the PD and ED thresholds of the Wi-Fi AP are set to the same values. We also assume that the LAA eNB uses the same ED value as the Wi-Fi AP. Meanwhile, the LAA system uses priority class 3 with T m cot,3 = 8ms.
The current evaluation deals with two scenarios, one for the Wi-Fi only (Scenario 1) and the other for coexistence of Wi-Fi (Scenario 2) with LAA employing the conventional LBT (i.e., without self-deferral and EDTA features), TSTA, EDTA, and the proposed schemes. To protect the Wi-Fi system, the EDTA sets X th to −52dBm as long as Wi-Fi system does not occupy the channel [5], [9] . The proposed FQL algorithm for ARIA is implemented for determining the ARI. The parameters used for FQL are summarized in Table 3 . For a fair comparison between ARIA and TSTA, the proposed FQL is also applied to control the TSTAI. Since TSTAI can control the CAP as in ARIA, the proposed FQL is still applicable as is. In other words, we control the TSTAI with the action set A defined in the proposed FQL while setting the FQL parameters for TSTAI the same as those for ARI (as in Table 3 ). It is noteworthy that we set the transmission start time to occur at every TSTAI period, starting from when the channel changes from busy to idle.
Since the proposed scheme employs the EDTA feature, the maximum number of LAA eNBs that simultaneously occupy the channel is limited by the maximum ED threshold value (i.e., X th = −52 dBm). In other words, since the intercell interference depends on the ISD, the number of eNBs that can simultaneously occupy the channels also depends on the ISD. Therefore, we evaluate the performance of each scenario by varying the ISD. 
B. SIMULATION RESULTS
First, the evolution of the fairness index and reward with decision epochs can be carefully investigated to verify that the proposed FQL for ARIA works properly as expected. Fig. 7 shows one particular snapshot of the evolution as an illustrative example with ISD = 20m. Here, the evolution of reward is captured by the EMA method in equation (15) . As observed in Fig. 7 , both the fairness index and reward are negative at the beginning, implying that all q-values are not yet learned. However, they increase rapidly as the learning progresses and always remain positive approximately after 800 decision epochs. Furthermore, the reward almost always remains positive in the course of the FQL. Both observations imply that the proposed FQL method works well as designed for ARIA.
To ensure that the proposed schemes meet the faircoexistence requirement, we investigate the average throughput for the Wi-Fi AP and the average overall system throughput, as shown in Fig. 8 and Fig. 9 , respectively. In these results, we present the performance of all channel access schemes for coexistence, including the conventional LBT, TSTA, EDTA, and the proposed schemes, which are compared to that in Scenario 1 (Wi-Fi only). Recall that a fair-coexistence requirement corresponds to the constraint that the Wi-Fi performance is maintained as good as that in Scenario 1. We first note from Fig. 8 that the Wi-Fi AP performance is not compromised with the TSTA and proposed schemes even under the coexistence. Regardless of the ISD, however, the conventional LBT and EDTA schemes rarely meet the fair-coexistence constraint. This is because the conventional LBT does not operate in exactly the same way as the CSMA/CA in the Wi-Fi system, competing less fairly with the CSMA/CA for channel occupation. In the LAA, for example, the minimum/maximum back-off size is determined by the priority class defined in the standard specification. Furthermore, the average block error rate and contention window adjustment procedure differ from the Wi-Fi system. In EDTA, meanwhile, we observe that the average throughput per Wi-Fi AP decreases with the ISD. As mentioned above, owing to the relationship between the ISD and the number of eNBs that can simultaneously occupy the channels, the LAA eNBs occupy the channel more aggressively as the ISD increases, thus hampering the channel occupation of the Wi-Fi system. Regardless of the ISD, however, we find that the proposed and TSTA schemes meet the fair-coexistence constraint. This is because the CAPs of the LAA and Wi-Fi systems are properly controlled towards fair coexistence by the model-free FQL with our analytical framework.
Together with the results in Fig. 8 , those in Fig. 9 ensure that the ARIA meets our design objective of maximizing the overall system throughput performance. We find that the EDTA shows the best performance in the overall system throughput, which is attributed to its more aggressive LAA system channel access. In particular, overall system throughput increases significantly with ISD, allowing for more LAA eNBs occupying channels simultaneously. However, EDTA does not satisfy the fair-coexistence constraint as observed in Fig. 8 . However, the proposed scheme shows the highest system throughput regardless of the ISD, except for EDTA. Especially at ISD = 30m, approximately 33% and 45% of the performance gains are observed over the TSTA and conventional LBT schemes, respectively. This implies that the proposed scheme can increase the system throughput by actively reusing the channel as the EDTA, while controlling the CAP appropriately to ensure the fair coexistence as TSTA. Recall that the proposed scheme takes advantage of both the TSTA and EDTA features to meet our design objective of maximizing the reuse gain subject to the fair-coexistence constraint. Their individual contribution depends on the level of inter-cell interference as ISD varies. Fig. 10 shows the average reuse factor, which is defined as the average number of concurrent transmissions for LAA eNBs within 1ms, by varying the ISD. It is computed by taking the time average over simulation run time. Since it is only measured when the number of concurrent transmissions is more than one, the minimum reuse factor is one. Meanwhile, the reuse factor is limited by the total number of LAA eNBs (i.e., four in the current simulation work). In general, the reuse factor increases with the ISD, inducing the spatial reuse gain by alleviating the co-channel interference by the ISD. For example, we observed in Fig. 10 that the reuse factor of the conventional LBT increases slightly with the ISD. However, the spatial reuse gain is very limited for the conventional LBT scheme even when the ISD is sufficiently large in the current simulation set-up. On the other hand, the reuse factor of the TSTA decreases with the ISD. It is because the LAA eNBs suffers from more CCA blocking among the LAA eNBs owing to the reduced back-off window size of the Wi-Fi nodes by the increased signal-to-interference and noise ratio (SINR) in the current simulation set-up without auto rate fallback, i.e., with the fixed modulation order and coding rate. However, the reuse factor increases with the ISD for both the EDTA and proposed schemes. We observe that the proposed scheme has a higher reuse factor than that of the EDTA when the ISD is less than 25m. Furthermore, the reuse factor of the proposed scheme is higher than that of the TSTA when the ISD is more than 15m. Considering these observations, we can conclude that the proposed scheme appropriately leverages the TSTA and EDTA features as the ISD varies. This is more clearly confirmed from Fig. 11 , which shows how much each feature contributes individually to the total reuse factor. As shown therein, the reuse factor is primarily attributed to the EDTA, especially with the larger ISD, as opposed to the TSTA, which does not much sensitive to the ISD. This result again ensures that the overall system throughput is significantly improved by actively reusing the channel as in EDTA, allowing for more aggressive LAA system channel access. However, the TSTA still plays an essential role of increasing the reuse factor, especially under high co-channel interference (e.g., ISD = 10m).
To examine the relationship between the average throughput and CAP of the LAA system, Fig. 12 and Fig. 13 show the mean channel access delay and average throughput of the LAA system, respectively, as the ISD varies. Here, we define channel access delay (ms) as the time required for an AP or eNB to capture the channel from the time it starts attempting to occupy the channel. We observe that the EDTA has the lowest channel access delay (implying the highest CAP) in the LAA system, since it occupies the channel aggressively by the CCA threshold adaptation, without resorting to the alignment of transmission start time. Meanwhile, the TSTA suffers from higher channel access delay than all other frequency reuse-1 schemes under consideration, since it involves a delay associated with self-deferral; furthermore, the channel could be captured by the Wi-Fi system during the self-deferral duration of the LAA system. Finally, channel access delay of the proposed scheme is lower than that of the TSTA, but the higher than that of the EDTA. It is again attributed to the EDTA feature that occupies the channel more aggressively than the TSTA, while warranting the CAP of the Wi-Fi system by adjusting its operational parameter I 0 . In conclusion, we observed from Fig. 12 and Fig. 13 that the relationship between system throughput and CAP is consistent.
VI. CONCLUSION
In the unlicensed band, it is quite challenging to achieve a full reuse gain for the cellular system while sharing the spectrum with the other uncoordinated systems, e.g., the Wi-Fi system. It becomes more challenging if fair coexistence to conserve the system performance of the existing system is required. Two conventional schemes for frequency reuse-1, TSTA and EDTA, have their own pros and cons in the current standard (e.g., specification for the licensed-assisted access in the 3GPP). Herein, we have proposed ARIA-LAA as a new frequency reuse-1 scheme by combining the advantages of conventional schemes (TSTA and EDTA) into a unified access framework. It controls the continuous alignment reference interval (ARI) as a design parameter in the adaptation with the dynamically changing wireless network environment with the design objective of maximizing the overall system throughput subject to a fair-coexistence constraint. We also designed the fuzzy Q-learning (FQL) algorithm based on a simple mathematical analysis in order to operate the proposed framework. Our system-level simulation has demonstrated that the ARIA-LAA is a novel scheme of spectrum sharing with spatial reuse of the LAA system. When there are multiple operators co-existing with the Wi-Fi system, the current approach must be reinvestigated. In practice, the multiple reuse groups must be dynamically configured in adaptation to the varying network topology and traffic demand [24] . In the future work, our current approach will be extended to identify the optimal reuse groups while operating the ARIA in a more general network environment.
